a b s t r a c t
Parkinson's disease (PD) is a neurodegenerative disease that primarily affects the motor functions of the patients. Research and surgical treatment of PD (e.g., deep brain stimulation) often require human brain atlases for structural identification or as references for anatomical normalization. However, two pitfalls exist for many current atlases used for PD. First, most atlases do not represent the disease-specific anatomy as they are based on healthy young subjects. Second, subcortical structures, such as the subthalamic nucleus (STN) used in deep brain stimulation procedures, are often not well visualized. The dataset described in this Data in Brief is a population-averaged atlas that was made with 3 T MRI scans of 25 PD patients, and contains 5 image contrasts: T1w (FLASH & MPRAGE), T2*w, T1-T2* fusion, phase, and an R2* map. While the T1w, T2*w, and T1-T2* fusion templates provide excellent anatomical details for both cortical and sub-cortical structures, the phase and R2* map contain bio-chemical features. Probabilistic tissue maps of whiter matter, grey matter, and cerebrospinal fluid are provided for the atlas. We also manually segmented eight subcortical structures: caudate nucleus, putamen, globus pallidus The T1-T2* fusion atlas conveniently visualizes cortical and subcortical structures in one image. Probabilistic brain tissue map, manual segmentation of eight subcortical nuclei, and a co-registered histology-based atlas are included.
Data
The dataset is a collection of six multi-contrast brain MRI atlases, accompanied by the associated probabilistic maps for three main brain tissue types, segmented labels for 8 subcortical nuclei, and a co-registered histology-based atlas. Derived from 3 T MRI scans of a cohort of 25 Parkinson's disease patients, the atlases were obtained by nonlinearly co-registering each patient's anatomy to a common space. The finished atlases are in MNI ICBM152 stereotactic space, with three image resolutions available: 1 Â 1 Â 1 mm 3 , 0.5 Â 0.5 Â 0.5 mm 3 , and 0.3 Â 0.3 Â 0.3 mm 3 . Fourier in the phase and slice encoding directions, and GRAPPA ¼2). From the multi-echo FLASH data acquired, four image contrasts were generated: T1w image, T2*w image, phase image, and R2* (i.e., 1/ T2*) map. More specifically, the T1w and T2*w images are produced by averaging the magnitude images of the first four and last five echoes, respectively. The phase image is obtained via averaging the unwrapped phase images of the last five echoes using a homodyne filter, and the R2* map is computed by fitting all magnitude data to an exponential curve. As these contrasts are acquired simultaneously in one session, these processed images are inherently co-registered.
Experimental design, materials and methods

Image acquisition
Image processing and atlasing
For each patient, the T1w MPRAGE MRI was rigidly registered to the multi-contrast FLASH dataset, and brain masks were generated using FSL brain extraction tool (BET) [2] based on the T1w MPRAGE MRIs. To facilitate inter-subject nonlinear registration, a T1-T2* fusion MRI was constructed for each individual using a spatially varying weighted combination of FLASH T1w and T2*w scans (full details in [3] ). After non-local means denoising [4] , non-uniformity correction [5] , and intensity normalization, all T1-T2* fusion MRIs were first aligned to the MNI ICBM152 space [6] with full affine registration, and then all subject's data were co-registered together with an unbiased group-wise registration scheme [6] . Finally, the averaged result is the population-average T1-T2* fusion atlas, which combines cortical and subcortical details in one image, avoiding susceptibility artifacts in typical T2*w scans. Then, with the estimated deformation fields, atlases of other image contrasts (T1w  (FLASH & MPRAGE) , T2*w, phase, and R2* map) were created. For T1w (FLASH and MPRAGE) and T2*w contrasts, data were preprocessed in the same manner as the T1-T2* fusion images before atlas construction; for the phase image and R2* map, the data were used directly since their values do not require intensity standardization and should not be altered to truthfully reflect the biochemical properties of the tissue. As the appearances between the FLASH and MPRAGE T1w MRIs differ particularly for the cortex, due to different MRI acquisition methods, both contrasts were included in the dataset. Finally, three different image resolutions are provided for the atlases: 1 Â 1 Â 1 mm 
Probabilistic tissue maps and anatomical annotations
Three sets of tissue segmentations are provided: probabilistic tissue maps for white matter (WM), grey matter (GM) and cerebrospinal fluid (CSF), segmented labels for subcortical nuclei at 1 Â 1 Â 1 mm 3 resolution, and segmented labels for midbrain nuclei at 0.
First, fuzzy segmentations of WM, GM and CSF were obtained using a minimum distance classifier [7] for each patient, and the classification results are in the range of [0,1] roughly representing partial volume effects for each tissue class. The probabilistic tissue maps were generated by averaging the Fig. 2 . Probabilistic tissue maps for WM, GM and CSF with the corresponding view from the population-averaged MPRAGE T1w atlas. Note that due to partial volume effects, the boundary between CSF and WM appear bright in the GM map. deformed individual fuzzy tissue segmentations in the population template space with the deformation fields previously generated. The results are shown in Fig. 2 . Second, eight subcortical nuclei were manually segmented bilaterally in 3D at 1 Â 1 Â 1 mm 3 resolution using ITK-SNAP (http://www.
itksnap.org). More specifically, the caudate nucleus, the putamen, and the thalamus were segmented using T1w MPRAGE atlas. The globus pallidus internus and externus (GPi & GPe) were segmented based on the T1w MPRAGE and T2*w atlas, and the subthalamic nucleus (STN), the substantia nigra (SN), and the red nucleus (RN) were segmented with the T2*w atlas. The segmentation results are shown in Fig. 3 . Lastly, to provide better delineation for nuclei with smaller volumes, the STN, SN and RN were manually re-segmented based on the T2*w atlas at 0.3 Â 0.3 Â 0.3 mm 3 resolution (see Fig. 4 ). The label numbers and the associated structures for both sets of segmentations are detailed in Table 1 . In addition, the Gilles-Mallar atlas [8] derived from histological data was nonlinearly registered to the population-averaged template (Please refer to [3] for more details). The atlas contains 123 structures, and the co-registered atlas at the resolution of 0.3 Â 0.3 Â 0.3 mm 3 and 1 Â 1 Â 1 mm 3 (see Fig. 5 ) are provided within the dataset. The label numbers with the corresponding anatomical structures defined in Schaltenbrand and Wahren [9] , Gloor [10] , and Hirai and Jones atlases [11] are listed in Table 2 . Please note that we do not recommend using the basal ganglia-thalamic atlas, as is, as a clinical tool. Rather, we strongly recommend that each user undertake their own validation and diligence prior to use of the atlas for any research or clinical purpose in human.
